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Introduction 

There  are  two  NF-kB  activation  pathways.  The  first  pathway,  the  classical  NF-kB  activation  pathway,  is 
normally  triggered  in  response  to  microbial  and  viral  infections  and  exposure  to  proinflammatory  cytokines 
which  activate  the  three  subunit  IKK  complex  leading  to  phosphorylation-induced  degradation  of  IkBs.  This 
pathway  depends  mainly  on  the  IKK(3  catalytic  subunit.  The  other  pathway,  the  alternative  pathway,  leads  to 
activation  of  p52:RelB  dimers  by  inducing  processing  of  the  NF-KB2/pl00  precursor  protein  that  binds  RelB 
in  the  cytoplasm.  This  pathway  is  triggered  by  certain  members  of  the  tumor  necrosis  factor  (TNF)  cytokine 
family  through  selective  activation  of  IKKa  homodimers  by  the  upstream  kinase  NIK. 

There  is  considerable  evidence  that  the  two  IKK/NF-kB  signaling  pathways  are  involved  in 
carcinogenesis,  cancer  progression,  metastasis  and  drug  resistance.  Although  certain  viral  proteins,  cancer- 
associated  chromosomal  translocations,  and  mutations  can  lead  to  constitutive  activation  of  NF-kB  in  cancer 
progenitor  cells,  the  most  common  mechanism  leading  to  NF-kB  activation  during  tumorigenesis  depends  on 
autocrine  and  paracrine  production  of  proinflammatory  cytokines.  Persistent  activation  of  NF-kB  can  lead  to 
increased  production  of  tumor  growth  factors  by  components  of  the  tumor  stroma  as  well  as  to  upregulation 
of  anti-apoptotic  genes  within  the  cancer  cell  itself.  This  process  was  recently  demonstrated  to  occur  during 
two  different  mouse  models  of  inflammation-associated  cancer  leading  to  development  of  colorectal  cancer 
and  hepatocellular  carcinoma.  We  also  provided  evidence  for  a  role  of  NF-kB  in  inflammation-driven 
metastatic  growth.  In  that  model,  as  well,  IKK-driven  NF-kB  activation  is  responsible  for  production  of 
growth  and  survival  factors  by  stromal  components  (macrophages)  and  upregulation  of  anti-apoptotic  genes 
within  the  cancer  cell. 

Prostate  cancer  (CaP)  is  one  of  the  most  common  cancers  in  men  and  the  second  leading  cause  of 
cancer-related  deaths  among  men  in  the  United  States.  It  was  shown  that  NF-kB  transcription  factors  can 
directly  interact  with  several  members  of  the  nuclear  receptor  family  including  androgen  receptor  (AR)  itself. 
Thus,  NF-kB  may  function  as  a  co-activator  for  AR  causing  it  to  be  active  independently  of  androgen 
binding.  In  this  case,  prostate  epithelial  cells  with  high  NF-kB  activity  are  rendered  resistant  to  androgen 
withdrawal.  However,  NF-kB  can  also  trans-repress  ligand-bound  AR  or  repress  the  AR  gene  itself.  Most 
importantly,  NF-kB  activity  itself  is  repressed  by  androgen  treatment  via  AR-mediated  trans-repression  or 
other  mechanisms.  In  this  case,  NF-kB  activity  may  increase  in  response  to  androgen  withdrawal.  Once 
activated,  NF-kB  can  stimulate  production  of  various  cytokines  by  prostate  epithelial  cells,  CaP  and  stromal 
components.  Specifically,  IL-6,  a  well-known  autocrine  and  paracrine  growth  factor  for  AI  CaP  cells,  is 
encoded  by  a  typical  NF-kB  target  gene.  The  dependence  of  IL-6  expression  on  NF-kB  was  demonstrated  in 
the  prostate  epithelium.  Importantly,  the  human  AD  CaP  cell  line,  LNCaP,  was  shown  to  assume  a 
neuroendocrine  (NE)  phenotype  in  response  to  IL-6  exposure.  Although  NE  cancers  of  the  prostate  are  rare, 
foci  with  NE-like  features  can  be  observed  in  nearly  all  prostate  adenocarcinomas  and  extensive  NE 
differentiation  is  generally  considered  to  be  of  poor  prognostic  value.  Indeed,  NE  differentiation  appears 
more  frequently  in  hormone-refractory  cancer.  Inhibition  of  IL-6  activity  induces  the  regression  of  AI  human 
CaP  xenografts  in  mice.  Thus,  NF-kB  inhibition  should  result  in  a  similar  effect  by  inhibiting  IL-6 
expression.  Studies  performed  on  various  CaP  cell  lines  reveal  that  AI  cells  often  display  constitutive  NF-kB 
activity.  Furthermore,  constitutively  activated  NF-kB  in  three  different  human  CaP  cell  lines  was  linked  to 
overexpression  of  IKK  subunits,  and  inhibition  of  NF-kB  activity  in  these  cells  through  expression  of  a  non- 
degradable  super-repressor  mutant  of  IkBoc  resulted  in  either  spontaneous  apoptosis  or  increased  sensitivity 
to  TNFa. 

SPECIFIC  AIMS 

•  Construct  mice  with  a  conditionally  activated  Ikkp  allele  and  use  them  to  determine  wether 
constitutive  NF-kB  activation  in  prostrate  epithelial  cells  promotes  prostate  cancer. 
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•  Construct  mice  with  a  specific  deletion  of  Ikkp  in  prostate  epithelial  cells  and  examine 
whether  this  deletion,  as  well  as  the  inactivation  of  IKKa,  inhibits  prostate  carcinogenesis  in 
the  TRAMP  model. 

•  Use  various  strategies  to  inhibit  IKK  activity  and  test  them  for  their  ability  to  inhibit 
proliferation  and  induce  apoptosis  in  prostate  cancer  cell  lines  of  human  origin. 

Key  Research  Accomplishments 

1.  Examine  whether  inactivation  of  IKKa  inhibits  prostate  carcinogenesis  in  the  TRAMP  model. 

To  investigate  the  role  of  the  IKKa  subunit,  which  may  offer  a  more  attractive  target  for  drug 
development  than  IKKP  as  it  is  not  required  for  innate  immune  responses,  TRAMP  mice  were  crossed  with 
Ikkct^  mice  which  express  a  form  of  IKKa  that  can  not  be  activated  because  the  two  serines  in  its 
activation  loop,  which  are  phosphorylated  by  the  upstream  activating  kinase  NIK.  were  replaced  with 
alanines.  The  resultant  Ikkaf^^ /TRAMP  mice  were  monitored  for  tumor  development  and  found  to  exhibit 
fewer  metastases  (including  metastasis  to  lymph  nodes  and  other  organs)  and  survive  considerably  longer 
than  WT/TRAMP  mice  (Fig.  1  and  Table  1).  The  CaP  in  Ikk c/'AJAA /TRAMP  mice  exhibit  reduced  cell 
proliferation  (Fig.  2).  However,  there  are  no  differences  in  size  and  weight  of  the  prostate  glands  between 
12-week-old  Ikkof^^/TRAMP  and  WT/TRAMP  mice,  and  both  strains  developed  prostate  adenocarcinomas, 
suggesting  that  IKKa  kinase  activity  is  required  for  CaP  progression  but  not  for  normal  prostate  development 
and  early  tumorigenesis  (Fig.  2). 

We  also  found  that  the  expression  of  some  cyclins  (cyclin  A,  cyclin  B)  was  decreased  in 
Ikk  of  MAA /TRAMP  tumors  as  compared  with  WT/TRAMP  tumors  (Fig.  3).  A  metastasis  suppressor  Maspin 
was  down-regulated  in  wt  tumors  but  not  in  Ikkot^^  tumors  (Fig.  4),  suggesting  that  IKKa  activation  might 
repress  Maspin  expression  which  was  supported  by  in  vitro  Maspin-luciferase  reporter  experiments  (Fig.  5). 

2.  Construct  mice  with  a  specific  deletion  of  Ikk/3  in  prostate  epithelial  cells  and  examine  whether  this 
deletion  inhibits  prostate  carcinogenesis  in  the  TRAMP  model,  and  whether  IKKP  play  a  role  in  the 
transition  from  AD  CaP  to  AI  CaP 

To  test  the  role  of  the  IKKP  subunit  in  CaP  development,  we  constructed  a  mouse  strain  that  contains  a 
prostate  epithelium-specific  deletion  of  the  gene  coding  for  the  IKKP  catalytic  subunit.  In  these  experiments 
we  took  advantage  of  the  Ikkff /!  mouse  strain,  ,  which  harbors  a  conditional  loss-of-function  “  floxed”  Ikk/3 
allele.  To  delete  IKKP  in  prostate  epithelial  cells  we  crossed  Ikkff /F  mice  to  PB-CRE4  transgenic  mice, 
which  express  CRE  recombinase  in  prostate  epithelial  cells.  This  yielded  an  Ikkff /+PB-CRE4  heterozygote 
strain,  which  after  intercrossing  generated  a  homozygote  Ikkff /h  PB-CRE4  mouse.  We  examined  the 
efficiency  of  IKKp  deletion  in  the  prostate  and  in  purified  prostate  epithelial  cells  from  10-12  week  old  male 
Ikkff /f  /PB-CRE4  mice  by  polymerase  chain  reaction  (PCR)  and  immunoblotting  and  found  efficient  deletion 
of  the  Ikkff  allele  and  absence  of  IKKp  protein  in  purified  ventral  and  dorsolateral  prostate  gland  epithelial 
cells  from  Ikk/3 F/F /PB-CRE4  mice  (Fig.  6).  No  differences  in  the  size  of  the  prostate  gland  and  its  histological 
composition  between  Ikk(f/r'  and  Ikkff /F /PB-CRE4  mice  were  observed.  Thus,  IKKp  is  not  required  for 
normal  prostate  development  and  maintenance.  Since  effective  and  prostate-specific  deletion  of  IKKP  has 
been  confirmed,  we  crossed  recombinant  Ikkff /F PB-CRE4  mice  as  well  as  Ikk0'/F  mice  with  the  TRAMP 
transgenic  mouse  to  generate  Ikkff /F PB-CRE4-TRAMP  and  Ikkff/F-TRAMP  mice.  Cohorts  of  15  male  mice 
of  the  appropriate  genotypes  {Ikkff /F PB-CRE4-TRAMP  and  Ikkff /F -TRAMP)  are  currently  being  monitored 
for  external  signs  of  prostate  cancer  formation.  Mice  that  will  exhibit  large  palpable  tumors  will  be  sacrificed 
and  both  primary  and  metastatic  tumor  tissues  will  be  collected  for  primary  cell  culture,  histological  and 
biochemical  analyses. 

To  examine  whether  IKK/NF-kB  is  activated  during  the  evolution  of  AI  CaP,  the  androgen-dependent 
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(AD)  human  CaP  cell  line  LNCaP  was  inoculated  subcutaneously  into  immunocompromised  SC1D  mice. 
When  tumor  mass  reached  1  cm3,  one  half  of  the  tumor-bearing  mouse  cohort  was  sacrificed  and  AD  tumor 
tissue  was  collected.  The  other  half  of  the  mouse  cohort  was  castrated.  Two  months  later  when  the  tumors  in 
the  castrated  mice  re-grew,  mice  were  sacrificed  and  tumor  tissues  were  collected  to  yield  AI  tumors.  Protein 
lysates  derived  from  AD  and  AI  tumors  were  assayed  for  NF-kB  DNA  binding  activity  by  an  electrophoretic 
mobility  shift  assay  (EMSA)  and  for  IKK  activity  by  an  immunocomplex  kinase  assay.  The  results  clearly 
demonstrate  that  both  NF-kB  and  IKK  activities  are  markedly  elevated  in  AI  tumor  tissues  (Fig.  7). 

These  results  support  the  notion  that  the  IKK-NF-kB  pathway  may  play  an  important  role  in 
development  of  AI  CaP.  It  was  reported  that  80%  of  TRAMP  mice  castrated  at  12  weeks  of  age  will  develop 
aggressive  AI  CaP  at  24  weeks  of  age.  To  determine  the  effect  of  IKK(3  ablation  on  development  of 
androgen-independent  prostate  cancer  (AI  CaP)  in  TRAMP  mice,  cohorts  of  20  male  mice  of  each  genotype 
(Ikk{?/f /PB-CRE4-TRAMP  and  lkkff/F ITRAMP)  are  being  prepared  and  will  be  castrated  at  12  weeks  of  age 
and  sacrificed  at  24  weeks  of  age.  Size,  weight  and  histology  of  the  prostate  tissue  and  of  primary  and 
metastatic  CaPs  will  be  measured  and  recorded.  Prostate  tissues,  primary  and  metastatic  CaP  will  be 
collected  for  primary  cell  culture,  histological  and  biochemical  analyses. 

While  we  have  been  breeding  the  mice  described  above,  we  have  cultured  primary  mouse  CaP  cells 
isolated  from  Ikk/f/F /TRAMP  mice,  which  contain  two  “floxed”  Ikkfi  alleles  that  can  be  deleted  by 
expression  of  CRE-recombinase.  These  cells  are  mixtures  of  tumor  stroma  cells  and  epithelial  cancer  cells. 
Cells  were  infected  with  CRE-adenovirus  to  delete  both  Ikkfi  alleles  in  both  cell  types  or  infected  with  GFP- 
adenovirus  as  a  control.  IKK(3  deletion  efficiency  was  examined  by  Western  blotting,  Ikkfi- deleted  cells  and 
non-deleted  cells  were  transplanted  into  the  flank  of  male  Ragl 'A  mice.  Two  months  later  mice  were 
sacrificed  and  tumor  weights  were  measured.  Some  of  the  mice  were  castrated  one  month  after 
transplantation,  and  two  months  after  castration  mice  were  sacrificed  and  tumor  weights  were  measured.  We 
found  that  Ikkfi  deletion  in  tumor  cells  decreased  tumor  growth  after  castration  (Fig.  8). 

The  stroma  and  extracellular  matrix  are  essential  for  functional  and  morphological  differentiation  of 
the  prostatic  epithelium.  It  is  also  postulated  that  the  prostate  stroma  may  plays  an  important  role  in  CaP 
development,  as  we  found  that  the  ratio  between  the  stroma  and  epithelial  cancer  cells  was  increased  in 
castrated  TRAMP  prostate  tumors  (Fig.  9).  We  found  that  both  IKK  and  NF-kB  activities  were  increased  in 
castrated  CaP  (Fig.  10),  and  Ikkfi  deletion  in  tumor  tissue  cells  (both  stroma  and  epithelial  cancer  cells) 
decreased  tumor  growth  after  castration.  Analysis  of  the  role  of  IKK(3  either  in  prostate  epithelial  cancer  cells 
or  stromal  components  in  AI  CaP  development  will  provide  us  with  important  information  as  to  the  cell-type 
specificity  of  IKK(3  function.  We  also  separated  epithelial  cancer  cells  and  tumor  stromal  cells  from  CaP 
insolated  from  Ikk(f/F /TRAMP  mice.  IKK(5  was  deleted  by  infection  with  CRE-adenovirus  in  either  stromal 
cells  or  in  cancer  cells.  Equal  number  of  epithelial  cancer  cells  and  stromal  cells  of  different  genotypes  will 
be  mixed  in  different  combinations  (Ikkp  stroma+  Ikkfi''  CaP;  Ikkfi A  stroma  +  Ikk[f,h  CaP;  etc).  To 
examine  the  tumor  development,  equal  numbers  of  cell  combinations  will  be  implanted  under  the  renal 
capsule  of  male  SCID  mice  (5  mice  for  each  cell  combination).  One  month  later,  mice  will  be  castrated,  two 
months  later,  mice  will  be  sacrificed,  and  the  size  and  weight  of  each  tumor  will  be  measured  and  recorded. 
Tumor  tissues  will  be  collected  and  analyzed.  These  experiments  are  ongoing. 
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Reportable  Outcomes  and  Results 


Table  1  i  Incidence  of  metastasis  at  death  of  WT/TRAMP 

and  IKKaA  A/TRAMP  mice 


PLA(%)  Kidrxy+rwuks  {%)  Liver  (%)  l  «n-  (%) 


WT/TRAMP  (n=2J) 


20  (87)  10  {43) 
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IKKaAA/TRAMP  («=22)  9(41) 


4<m 


0(0) 


0(0) 
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Fig.  3 
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Fig.  4 
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Fig  6,  IKKp  protein  is  efficiently  deleted  in  prostate  epi&tehal  cells  in 
IKKp^/F PB-CRE4  mice.  Purified  ventral  and  dorsolateral  prostate  epithelial 
cells  from  10-12  week  old  male  IKKpF^F  and  I  KK|5F/FPB~CRE4  mice  were 
lysed  for  immimoblot  analysis.  The  results  show  efficient  deletion  of  IKKp  in 
ventral  and  dorsolateral  prostate  epithelial  cells  from  IKKpF/FpB-CRE4  mice  . 
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Fig  7,  Human  LNCaP  cells  were  implanted  subsutaneously  Into  SCID  mice.  Wien  the 
tumor  mass  reached  1  cm3,  half  of  the  tumor-beanng  mice  were  sacrificed  and  tumor 
tissues  were  collected  (androgen-dependent  tumors,  AD),  The  remaining  half  were 
castrated.  Two  months  later  when  the  tumors  in  the  castrated  mice  regrew,  the  mice 
were  sacrificed  and  tumors  were  collected  (androgen-independent  tumors,  AI).  Tumor 
extracts  were  used  for  electrophoretic  mobility  shift  assay  (EMSA)  (a)  and  determining 
of  IKK  kinase  activity  (b).  Both  NF-kB  DNA binding  activity  and  IKK  kinase  activity 
were  markedly  increased  in  AI  tumors  as  compared  to  AD  tumors. 
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Figure  8 

Deletion  of  IKKB  in  primary  mouse  tumor  tissue  cells  inhibits 
tumor  growth  when  host  Ragl-/-  mice  are  castrated 


□  IKKfif  I'F-Adeno-GFP 
■  lKKbF'F-AdenoCre 


Primary  tumor  tissue  cells  were  inoculated  in  the  flank  of  Ragl-/-  mice, 
two  months  later  mice  were  sacrificed  and  tumor  weight  was  measured 
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Primary  tumor  tissue  cells  were  inoculated  in  the  flank  of  Ragl-/-  mice, 
one  month  later  mice  were  castrated.  After  two  months  of  castration  mice 
were  sacrificed  and  tumor  weight  was  measured 


□KKbFiF-Adsno-GFP 
■  KKbF'F-Adeno-Cre 
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Figure  9 


Pathology  of  prostate  adenocarcinoma  in  castrated  TRAMP  mice 


Primary  prostate  adenocarcinoma,  5x 


Primary  prostate  adenocarcinoma,  20x 


prostate  adenocarcinoma,  lung  metastasis  2 Ox 


prostate  adenocarcinoma,  liver  metastasis  20x 


prostate  adenocarcinoma,  lymph  node  metastasis  2 Ox 
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Figure  10 
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EMSA  using  tissue  lysates  from  normal  mouse  prostate  or  mouse  prostate  cancer 
P=  Primary  tumor; 

L  =  Lympho  node  metastasis; 

U  =  Liver  metastasis 
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IKK  Kinase  Assay  using  tissue  lysates  from  normal 
mouse  prostate  or  mouse  prostate  cancer 
P  =  Primary  tumor; 

L  =  Lympho  node  metastasis; 

Li  =  Liver  metastasis 
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Conclusions 


In  summary,  results  obtained  during  the  past  project  year  suggest  that  both  IKKa  and  IKKJ3  may  play 
an  important  role  in  development  and  progression  of  CaP.  Clearly,  a  more  thorough  examination  of  the  role 
of  the  two  IKK  subunits  in  CaP  development  and  progression  is  needed,  especially  during  the  transition  of 
CaP  from  an  AD  to  an  AI  state.  These  are  functions  being  examined  during  the  current  project  year.  Most 
interesting  is  the  finding  of  maspin  upregulation  in  CaP  from  lkk(fa/m/TRAMP  mice.  If  maspin  will  be 
verified  to  be  a  tumor  and  metastases  suppressor  in  this  model  as  well  as  in  human  CaP,  our  work  provides  a 
clear  outline  for  the  development  of  new  therapeutic  approach  to  prostrate  cancer. 


REFERENCES 


1.  Ghosh,  S.,  May,  M.J.  &  Kopp,  E.B.  NF-kB  and  Rel  proteins:  evolutionarily  conserved 
mediators  of  immune  responses.  Ann  Rev  Immunol  16, 225-260  (1998). 

2.  Gilmore,  T.D.  Multiple  mutations  contribute  to  the  oncogenicity  of  the  retroviral  oncoprotein 
v-Rel.  Oncogene  18, 6925-6937  (1999). 

3.  Karin,  M.  &  Ben-Neriah,  Y.  Phosphorylation  meets  ubiquitination:  the  control  of  NF-kB 
activity.  Annu  Rev  Immunol  1 8, 621-663  (2000). 

4.  Li,  Z.-W.  et  al.  The  IKKb  subunit  of  IkB  kinase  (IKK)  is  essential  for  NF-kB  activation  and 
prevention  of  apoptosis./.  Exp.  Med.  189, 1839-1845  (1999b). 

5.  Solan,  N.J.,  Miyoshi,  H.,  Bren,  G.D.  &  Paya,  C.V.  RelB  cellular  regulation  and  transcriptional 
activity  are  regulated  by  plOO.  /  Biol  Chem  277, 1405-1418  (2002). 

6.  Senftleben,  U.  et  al.  Activation  by  IKKa  of  a  second,  evolutionary  conserved,  NF-kB  signaling 
pathway.  Science  293, 1495-1499  (2001). 

7.  Ghosh,  S.  &  Karin,  M.  Missing  pieces  in  the  NF-kB  puzzle.  Cell  109,  S81-96  (2002). 

8.  Karin,  M.  &  Lin,  A.  NF-kB  at  the  crossroads  of  life  and  death.  Nat  Immunol  3, 221-227  (2002). 

9.  Hanahan,  D.  &  Weinberg,  R.A.  The  hallmarks  of  cancer.  Cell  1 00, 57-70  (2000). 

10.  Karin,  M.,  Cao,  Y.,  Greten,  F.  &  Li,  Z.  NF-kB  in  Cancer:  From  innocent  bystander  to  major 
culprit.  Nat  Rev  Cancer  2, 301-310  (2002). 

11.  Xiao,  G.  et  al.  Retroviral  oncoprotein  Tax  induces  processing  of  NF-kB2/pl00  in  T  cells: 
evidence  for  the  involvement  of  IKKa.  Oncogene  20,  6805-6815  (2001). 

12.  Mosialos,  G.  The  role  of  Rel/NF-kB  proteins  in  viral  oncogenesis  and  the  regulation  of  viral 
transcription.  Semin  Cancer  Biol  8, 121-129  (1997). 

13.  Guttridge,  D.C.,  Albanese,  C.,  Reuther,  J.Y.,  Pestell,  R.G.  &  Baldwin  Jr.,  A.S.  NF-kB  controls 
cell  growth  and  differentiation  through  transcriptional  regulation  of  cyclin  Dl.  Mol  Cell  Biol  19, 
5785-5799  (1999). 

14.  Hinz,  M.  et  al.  NF-kB  function  in  growth  control:  regulation  of  cyclin  Dl  expression  and 
GO/Gl-to-S-phase  transition.  Mol  Cell  Biol  19, 2690-2698  (1999). 

15.  Cao,  Y.  et  al.  IKKa  provides  an  essential  link  between  RANK  signaling  and  cyclin  Dl 
expression  during  mammary  gland  development.  Cell  107, 763-775  (2001). 

16.  Beg,  A.A.  &  Baltimore,  D.  An  essential  role  for  NF-kB  in  preventing  TNF-a  induced  cell  death. 
Science  21  A,  782-784  (1996). 

Page  1 8 


17.  Liu,  Z.-G.,  Hu,  H.,  Goeddel,  D.V.  &  Karin,  M.  Dissection  of  TNF  receptor  1  effector  functions: 
JNK  activation  is  not  linked  to  apoptosis,  while  NF-kB  activation  prevents  cell  death.  Cell  87, 565- 
576  (1996). 

18.  Van  Antwerp,  D.J.,  Martin,  S  J.,  Kafri,  T.,  Green,  D.R.  &  Verma,  I.M.  Suppression  of  TNFa- 
induccd  apoptosis  by  NF-kB.  Science  274, 787-789  (1996). 

19.  Wang,  C.-Y.,  Mayo,  M.W.  &  Baldwin,  A.S.,  Jr.  TNF-  and  cancer  therapy-induced  apoptosis: 
potentiation  by  inhibition  of  NF-kB.  Science  274, 784-787  (1996). 

20.  Wang,  C.Y.,  Cusack,  J.C.,  Jr.,  Liu,  R.  &  Baldwin,  A.S.,  Jr.  Control  of  inducible 
chemoresistance:  enhanced  anti-tumor  therapy  through  increased  apoptosis  by  inhibition  of  NF- 
kB.  Nat  Med  5, 412-417  (1999). 

21.  Levine,  A.J.  p53,  the  cellular  gatekeeper  for  growth  and  division.  Cell  88, 323-331  (1997). 

22.  Webster,  G.A.  &  Perkins,  N.D.  Transcriptional  cross  talk  between  NF-kB  and  p53.  Mol  Cell 
Biol  19, 3485-3495  (1999). 

23.  Tergaonkar,  V.,  Pando,  M.,  Vafa,  O.,  Wahl,  G.  &  Verma,  I.  p53  stabilization  is  decreased  upon 
NF-kB  activation:  a  role  for  NF-kB  in  acquisition  of  resistance  to  chemotherapy.  Cancer  Cell  1, 
493-503  (2002). 

24.  Koch,  A.E.  et  al.  Interleukin-8  as  a  macrophage-derived  mediator  of  angiogenesis.  Science  258, 
1798-1801  (1992). 

25.  Takeshita,  H.  et  al.  Matrix  metalloproteinase  9  expression  is  induced  by  Epstein-Barr  virus 
latent  membrane  protein  1  C-terminal  activation  regions  1  and  2.  J  Virol  73,  5548-5555  (1999). 

26.  Wang,  W.,  Abbruzzese,  J.L.,  Evans,  D.B.  &  Chiao,  P.J.  Overexpression  of  urokinase-type 
plasminogen  activator  in  pancreatic  adenocarcinoma  is  regulated  by  constitutively  activated  RelA. 
Oncogene  18,4554-4563  (1999). 

27.  Bond,  M.,  Fabunmi,  R.P.,  Baker,  A.H.  &  Newby,  A.C.  Synergistic  upregulation  of 
metalloproteinase-9  by  growth  factors  and  inflammatory  cytokines:  an  absolute  requirement  for 
transcription  factor  NF-k  B.  FEBS  Lett  435, 29-34  (1998). 

28.  Huang,  S.,  Robinson,  J.B.,  Deguzman,  A.,  Bucana,  C.D.  &  Fidler,  I.J.  Blockade  of  NF-kB 
signaling  inhibits  angiogenesis  and  tumorigenicity  of  human  ovarian  cancer  cells  by  suppressing 
expression  of  vascular  endothelial  growth  factor  and  interleukin  8.  Cancer  Res  60, 5334-5339 
(2000). 

29.  Grossmann,  M.E.,  Huang,  H.  &  Tindall,  D.J.  Androgen  receptor  signaling  in  androgen- 
refractory  prostate  cancer.  J  Natl  Cancer  Inst  93, 1687-1697  (2001). 

30.  Palvimo,  J.J.  et  al.  Mutual  transcriptional  interference  between  RelA  and  androgen  receptor.  J 
Biol  Chem  271, 24151-24156  (1996). 

31.  Supakar,  P.C.,  Jung,  M.H.,  Song,  C.S.,  Chatterjee,  B.  &  Roy,  A.K.  NF-kB  functions  as  a 
negative  regulator  for  the  rat  androgen  receptor  gene  and  NF-kB  activity  increases  during  the  age- 
dependent  desensitization  of  the  liver.  J  Biol  Chem  270, 837-842  (1995). 

32.  McKay,  L.I.  &  Cidlowski,  J.A.  Cross-talk  between  NF-k  B  and  the  steroid  hormone  receptors: 
mechanisms  of  mutual  antagonism.  Mol  Endocrinol  12, 45-56  (1998). 

33.  Keller,  E.T.,  Chang,  C.  &  Ershler,  W.B.  Inhibition  of  NFkB  activity  through  maintenance  of 
IkBa  levels  contributes  to  dihydrotestosterone-mediated  repression  of  the  interleukin-6  promoter. 
J  Biol  Chem  27 1 , 26267-26275  (1996). 

34.  Smith,  P.C.  &  Keller,  E.  Anti-interleukin-6  monoclonal  antibody  induces  regression  of  human 
prostate  cancer  xenografts  in  nude  mice.  Prostate  48, 47-53  (2001). 

Page  19 


35.  Giri,  D.,  Ozen,  M.  &  Ittmann,  M.  Interleukin-6  is  an  autocrine  growth  factor  in  human 
prostate  cancer.  Am  J  Pathol  159, 2159-2165  (2001). 

36.  Barnes,  P.J.  &  Karin,  M.  NF-kB  -  A  pivotal  transcription  factor  in  chronic  inflammatory 
diseases.  New  Engl.  J.  Med.  336, 1066-1071  (1997). 

37.  Nishimura,  K.  et  al.  Potential  mechanism  for  the  effects  of  dexamethasone  on  growth  of 
androgen-independent  prostate  cancer.  /  Natl  Cancer  Inst  93, 1739-1746  (2001). 

38.  Palayoor,  S.T.,  Youmell,  M.Y.,  Calderwood,  S.K.,  Coleman,  C.N.  &  Price,  B.D.  Constitutive 
activation  of  IkB  kinase  alpha  and  NF-kB  in  prostate  cancer  cells  is  inhibited  by  ibuprofen. 
Oncogene  1 8, 7389-7394  (1999). 

39.  Gasparian,  A.V.  et  al.  The  role  of  IKK  in  constitutive  activation  of  NF-kB  transcription  factor 
in  prostate  carcinoma  cells.  J  Cell  Sci  1 15, 141-151  (2002). 

40.  Li,  Q.,  Van  Antwerp,  D.,  Mercurio,  F.,  Lee,  K.-F.  &  Verma,  I.M.  Severe  liver  degeneration  in 
mice  lacking  the  IkB  kinase  2  gene.  Science  284, 321-325  (1999a). 

41.  Senftleben,  U.,  Li,  Z.-W.,  Baud,  V.  &  Karin,  M.  IKKb  is  essential  for  protecting  T  cells  from 
TNFa-induced  apoptosis.  Immunity  14, 217-230  (2001). 

42.  Makris,  C.  et  al.  Female  mice  heterozygote  for  IKKg/NEMO  deficiencies  develop  a 
genodermatosis  similar  to  the  human  X-linked  disorder  Incontinentia  Pigmenti.  Mol.  Cell  15, 969- 
979  (2000). 

43.  Park,  J.M.,  Greten,  F.R.,  Li,  Z.-W.  &  Karin,  M.  Macrophage  apoptosis  by  Anthrax  Lethal 
Factor  and  p38  MAP  kinase  inhibition.  Science  297, 2048-2051  (2002). 

44.  Chen,  L.-W.  et  al.  The  two  faces  of  IKK  and  NF-kB  inhibition:  Prevention  of  systemic 
inflammation  but  increased  local  injury  following  intestinal  ischemia-reperfusion.  Nat  Med  In 
Press(2003). 

45.  Bargou,  R.C.  et  al.  Constitutive  NF-kB-RelA  activation  is  required  for  proliferation  and 
survival  of  Hodgkin's  disease  tumor  cells.  J.  Clin.  Invest.  100, 2961-2969  (1997). 

46.  Cahir-McFarland,  E.D.,  Davidson,  D.M.,  Schauer,  S.L.,  Duong,  J.  &  Kieff,  E.  NF-kB  inhibition 
causes  spontaneous  apoptosis  in  Epstein-Barr  virus-transformed  lymphoblastoid  cells.  Proc  Natl 
Acad  Sci  USA  91, 6055-6060  (2000). 

47.  Keller,  S.A.,  Schattner,  E.J.  &  Cesarman,  E.  Inhibition  of  NF-kB  induces  apoptosis  of  KSHV- 
infected  primary  effusion  lymphoma  cells.  Blood  96, 2537-2542  (2000). 

48.  Furman,  R.R.,  Asgary,  Z.,  Mascarenhas,  J.O.,  Liou,  H.C.  &  Schattner,  E.J.  Modulation  of  NF- 
kB  activity  and  apoptosis  in  chronic  lymphocytic  leukemia  B  cells.  J  Immunol  1 64, 2200-2206 
(2000). 

49.  Baldwin,  A.S.  Control  of  oncogenesis  and  cancer  therapy  resistance  by  the  transcription  factor 
NF-kB.  J  Clin  Invest  1 07,  241-246  (2001). 

50.  Valen,  G.,  Yan,  Z.Q.  &  Hansson,  G.K.  NF-kB  and  the  heart.  J  Am  Coll  Cardiol  38, 307-314 

(2001). 

51.  Haefner,  B.  NF-kB:  arresting  a  major  culprit  in  cancer.  Drug  Discov  Today  7,  653-663  (2002). 

52.  May,  M.J.  et  al.  Selective  inhibition  of  NF-kB  activation  by  a  peptide  that  blocks  the  interaction 
of  NEMO  with  the  IkB  kinase  complex.  Science  289, 1550-1554  (2000). 

53.  Wu,  X.  et  al.  Generation  of  a  prostate  epithelial  cell-specific  Cre  transgenic  mouse  model  for 
tissue-specific  gene  ablation.  Mech  Dev  101,  61-69  (2001). 


Page  20 


54.  Hu,  Y.  et  al.  Abnormal  morphogenesis  but  intact  IKK  activation  in  mice  lacking  the  IKKa 
subunit  of  the  IkB  kinase.  Science  284, 316-320  (1999). 

55.  Berges,  R.R.  et  al.  Cell  proliferation,  DNA  repair,  and  p53  function  are  not  required  for 
programmed  death  of  prostatic  glandular  cells  induced  by  androgen  ablation.  Proc  Natl  Acad  Sci  V 
S  A  90, 8910-8914  (1993). 

56.  Buttyan,  R.,  Ghafar,  M.A.  &  Shabsigh,  A.  The  effects  of  androgen  deprivation  on  the  prostate 
gland:  cell  death  mediated  by  vascular  regression.  Curr  Opin  Urol  10, 415-420  (2000). 

57.  Greenberg,  N.M.  et  al.  Prostate  cancer  in  a  transgenic  mouse.  Proc  Natl  Acad  Sci  USA  92, 
3439-3443  (1995). 

58.  Li,  Z.-W.,  Omori,  S.A.,  Labuda,  T.,  Karin,  M.  &  Rickert,  R.C.  IKKb  is  required  for  peripheral 
B  cell  proliferation  and  survival.  J  Immunol  170,  In  Press  (2003). 

59.  Callahan,  J.E.  &  Roshak,  A.K.  NF-kB  inhibitors,  in  Int.  Pat.  Appl.  PCT  Gazette  WO  02/30353 
A2  (2002). 

60.  Hu,  Y.  et  al.  IKKa  controls  formation  of  the  epidermis  independently  of  NF-kB  via  a 
differentiation  inducing  factor.  Nature  410,  710-714  (2001). 

61.  Wender,  P.A.  et  al.  The  design,  synthesis,  and  evaluation  of  molecules  that  enable  or  enhance 
cellular  uptake:  peptoid  molecular  transporters.  Proc  Natl  Acad  Sci  US  A  91, 13003-13008  (2000). 

62.  Rothbard,  J.B.  et  al.  Arginine-rich  molecular  transporters  for  drug  delivery:  role  of  backbone 
spacing  in  cellular  uptake.  J  Med  Chem  45(2002). 

63.  DiDonato,  J.A.,  Hayakawa,  M.,  Rothwarf,  D.M.,  Zandi,  E.  &  Karin,  M.  A  cytokine-responsive 
IkB  kinase  that  activates  the  transcription  factor  NF-kB.  Nature  388, 548-554  (1997). 

64.  Zandi,  E.,  Rothwarf,  D.M.,  Delhase,  M.,  Hayakawa,  M.  &  Karin,  M.  The  IkB  kinase  complex 
(IKK)  contains  two  kinase  subunits,  IKKa  and  IKKb,  necessary  for  IkB  phosphorylation  and  NF- 
kB  activation.  Cell  91, 243-252  (1997). 

65.  Delhase,  M.,  Hayakawa,  M.,  Chen,  Y.  &  Karin,  M.  Positive  and  negative  regulation  of  IkB 
kinase  activity  through  IKKb  subunit  phosphorylation.  Science  284, 309-313  (1999). 

66.  Yeh,  R.H.,  Lee,  T.R.  &  Lawrence,  D.S.  From  consensus  sequence  peptide  to  high  affinity 
ligand,  a  "library  scan"  strategy.  /  Biol  Chem  276, 12235-12240  (2001). 

67.  Pinilla,  C.,  Appel,  J.R.,  Borras,  E.  &  Houghten,  R.A.  Advances  in  the  use  of  synthetic 
combinatorial  chemistry:  Mixture-based  libraries.  Nat  Med  9, 118-122  (2003). 

68.  Lee,  P.H.  &  Bevis,  D.J.  Development  of  a  homogeneous  high  throughput  fluorescence 
polarization  assay  for  G  protein-coupled  receptor  binding.  J  Biomol  Screen  5, 415-419  (2000). 

69.  Kallunki,  T.,  Deng,  T.,  Hibi,  M.  &  Karin,  M.  c-Jun  can  recruit  JNK  to  phosphorylate 
dimerization  partners  via  specific  docking  interactions.  Cell  87, 929-939  (1996). 

70.  Songyang,  Z.  et  al.  Use  of  an  oriented  peptide  library  to  determine  the  optimal  substrates  of 
protein  kinases.  Current  Biology  4, 973-982  (1994). 


Page  2 1 


